Abstract Maillard reaction products (MRPs) of soybean protein isolate (SPI) and sugars (glucose and maltose) were prepared by heating in the aqueous dispersion at 95°C for 15 min with ultrasonic pretreatment (ultrasonic power of 200 W) for 20 min. Effect of ultrasonic pretreatment on physicochemical characteristics and rheological properties of SPI/sugar MRPs was investigated. SPI/sugar MRPs prepared with ultrasonic pretreatment had higher degree of glycation (DG), lower browning and less compact tertiary conformation than that with non-ultrasonic pretreatment. Surface hydrophobicity (H 0 ), particle size and rheological properties were measured by fluorescence spectrophotometry, laser particle size analysis and dynamic oscillatory rheometry, respectively. Glycation reduced H 0 and particle size as well as weaken the gel network formed by the acidification of GDL. However, ultrasound increased H 0 and decreased particle size. This is desirable for the formation of acid-induced gel structure. The ultrasonic pretreatments reduced/eliminate the weakening effect of glycation on the gel network of SPI/sugar MRPs, and even improved the gel properties.
Introduction
Soy protein isolate (SPI) has high nutrition as well as various functional properties such as solubility, emulsifying, gelling and foaming attributes, which makes SPI extensively used in the food industry (Chi et al. 2008) . However, functional properties of SPI need to be further improved through appropriate modifications that contain physical, chemical and enzymatic treatments (Wang et al. 2008) .
Recently, some efforts are made to improve the functional properties of proteins through glycation reactions between proteins and sugars, which are based on Maillard reactions (MR) between the ε-amino groups of proteins and the reducing-end carbonyl groups of sugars (Wang et al. 2013) . MR is a spontaneous reaction without adding chemicals, involving a complex network of non-enzymatic reactions in certain conditions of temperature and water activity, which is one of the major food protein modifying reactions occurring during thermal food processing (Spotti et al. 2014) . The pigment and aroma produced by MR can influence the food sensory quality, which lead to wide application of MR in the food industry (Amarowicz 2009 ). In the previous researches, the glycation of different protein such as soy proteins (Gu et al. 2009 ), rice proteins (Li et al. 2009 ) and milk proteins (Pinto et al. 2014 ) with various reducing sugars by MR have been investigated, which mainly focused on the studies of solubility, emulsification, thermal stability and antioxidant properties (Jiménez-Castaño et al. 2005; Zhu et al. 2008) . However, there are fewer studies on physicochemical characteristics and rheological properties of glycoconjugates of soy proteins with reducing sugars.
Application of ultrasound technology in food industry has increased recently, due to its positive effects on physical and functional properties of proteins in food (Jambrak et al. 2009 ). The effects of ultrasound on proteins are mainly attributed to the cavitation effect that is generated at low frequency and higher power in liquid systems (Gülseren et al. 2007 ). The micro-bubbles are rapidly formed during sonication and violently implode, resulting in extreme high temperatures (5000 K) and pressures (1000 atm), which can produce very high shear energy waves and turbulence (Soria and Villamiel 2010) . Ultrasound is capable of changing material properties through high temperature and pressure as well as turbulence. Ultrasound treatment can modify secondary structure of proteins, which leads to the increase in surface hydrophobicity (Stanic-Vucinic et al. 2012 ) and the aggregation of proteins (Chandrapala et al. 2011) . Moreover, ultrasound treatment could also accelerate the MR in the aqueous solution between a single amino acid and a reducing sugar, such as glycine and glucose or maltose (Guan et al. 2011) . Nevertheless, to the best of our knowledge, there is little study about the effects of ultrasound on the MR between SPI and reducing sugar, and even less physicochemical and rheological properties of SPI/ sugar MRPs.
In this research, the glycation between SPI and reducing sugars by MR in aqueous systems with ultrasonic pretreatment was studied. The effect of ultrasonic pretreatment on physicochemical and structural characteristics of SPI/sugar MRPs as well as rheological properties of glycoconjugates acid-induced gels has been investigated using laser particle size analysis, fluorescence spectrophotometer and dynamic oscillatory rheometry.
Materials and methods

Materials and chemicals
Soybean protein isolate (SPI) with protein content of 92.4 % (dry wt) was provided by Harbin High-Tech Ltd. (Harbin, China). Glucose (G), maltose (M), o-phthaldialdehyde (OPA) and 1-anilino-8-naphtalene-sulfonate (ANS) were purchased from Sigma-Aldrich Chemical Company, (St Louis, MO, USA) and other reagents were purchased from local reagent company. All reagents were analytical grade and used without further purification.
Preparation of SPI/sugar MRPs SPI dispersions were prepared by dispersing the SPI powder in phosphate buffer (0.1 M, pH 7.0) to give a protein concentration of 8 % (w/w). The sugars (glucose and maltose) were mixed in the SPI dispersions to give the sugar concentrations of 2 %, 4 %, 8 % and 16 % (w/v). The SPI/sugar dispersions were stirred for 2 h at ambient temperature with a magnetic stirrer and stored at 4°C overnight to ensure that SPI was fully dissolved and mixed adequately with sugars. The ultrasonic pretreatment of mixture dispersions were performed with constant cooling in the ice bath by ultrasonic equipment model JY92-2D (NingBo Scientz Biotechnology Co. Ltd., Ningbo, Zhejiang, China) with a 0.54 cm diameter titanium probe. The dispersions were treated at the ultrasonic power of 200 W (138.26 W/cm 2 ) for 20 min by ultrasound with pulse duration of on-time 3 s and off-time 1 s. Thereafter, the dispersions were heated in the water bath at 95°C for 15 min, cooled down to ambient temperature with the ice bath and dialyzed at 4°C for 24 h. Finally, the samples were lyophilized to obtain ultrasonic SPI/sugar MRPs. Furthermore, the same mixture dispersions were heated in the water bath at 95°C for 15 min without ultrasonic pretreatment and the subsequent procedure was the same to the ultrasonic SPI/sugar MRPs to obtain non-ultrasonic SPI/sugar MRPs. As control, SPI samples without addition of sugars were also heated under the same conditions with ultrasonic or non-ultrasonic pretreatment and SPI native was not treated. All samples were stored at −20°C until analysis.
Degree of glycation (DG)
The method for determination of degree of glycation was based on a spectrophotometric assay using OPA for determination of free amino groups (Vigo et al. 1992) . 80 mg OPA was dissolved in 2 ml 95 % ethanol and mixed with 50 ml of 10 mM sodium tetraborate buffer solution (pH 9.7), 5 ml of 20 % (w/w) SDS and 200 μl of β-mercaptoethanol. The solution was mixed well and diluted to a final volume of 100 ml with distilled water to form the OPA reagent. 200 μl of sample dispersions (2 mg/ml) were incubated with 4 ml of OPA reagent for 5 min at room temperature. The absorbance was measured at 340 nm using a UV-VIS spectrophotometer in order to obtain the free amino groups. The blank was 200 μl distilled water in 4 ml OPA reagent. The DG was calculated as following equation:
Where A b was absorbance of the blank and A s was absorbance of the sample.
Browning intensity
The sample dispersions were diluted with distilled water to a final concentration of 1 % (w/w). Browning intensity as the marker at the final stages of the reactions (Kim and Lee 2008) was evaluated by the absorbance at 420 nm measured in a spectrophotometer (UNICO UV-2100, Shanghai, China).
Surface hydrophobicity (H 0 )
Surface hydrophobicity (H 0 ) of soluble proteins in samples at pH 7.0 was measured according to the method of Kato and Nakai (1980) , using 1-anilino-8-naphthalene-sulfonate (ANS) as the hydrophobicity fluorescence probe. The sample dispersions of 1 mg/ml were prepared by phosphate buffer (0.01 M, pH 7.0), with stirring for 1 h at room temperature, centrifuged at 10,000 g for 15 min and soluble protein concentration was determined in the supernatants according to the method of Lowry. Serial dilutions of the supernatant were made with the same buffer at protein concentrations ranging from 0.05 to 1 mg/ml. Then, 20 μl of ANS solution (8.0 mM in 0.01 M phosphate buffer, pH 7.0) was added to 2 ml of the sample. Fluorescence intensity was measured at wavelengths of 390 nm (excitation) and 470 nm (emission) with a Perkin-Elmer 2000 fluorescence spectrophotometer. The initial slope of fluorescence intensity versus protein concentration was taken as an index of H 0 .
Particle size
The sample dispersions of 8 % (w/w) were prepared with distilled water and stirred using a magnetic stirrer at 25°C for 2 h. The samples were stored at 4°C overnight to ensure that the samples were completely dissolved. The particle sizes of samples were measured by light scattering using a Mastersizer 2000 equipped with a Hydro 2000 MU dispersion unit (Malvern Instruments Ltd., Worcestershire, UK). The pump speed was set at 1900 rpm, and the refractive index and absorption parameter of the disperse phase were 1.46 and 0.1, respectively. Particle size was reported as the average of three readings of the volume-mean diameter (D 43 ) (Arzeni et al. 2011 ).
Intrinsic fluorescence spectroscopy
The sample dispersions were prepared with phosphate buffer (10 mM, pH 7.0) to give a final concentration of 1 % (w/w). The intrinsic fluorescence spectra were obtained by a Hitachi F-2000 fluorescence spectrophotometer (Hitachi, Ltd., Tokyo, Japan). The excitation wavelength was 280 nm (Jiménez-Castaño et al. 2005) , and the emission spectra was recorded from 300 to 450 nm with a slit width of 5 nm.
Rheological properties
Dynamic oscillatory rheological measurements were carried out in a Bohlin CVO rotational rheometer (Malvern Instruments, UK) using parallel plates (40 mm diameter, 1 mm gap), according to the method of Kontogiorgos et al. (2006) with a slight modification. The dispersions prepared by SPI (8 %, w/w) and sugar (8 %, w/w) were added with GDL (0.8 %, w/w) after heating at 95°C for 15 min under the condition of nonultrasonic and ultrasonic pretreatment. Following addition of GDL, the sample dispersions were placed into the configuration of rheometer immediately. Exposed edges of the dispersions were covered with a few drops of paraffin oil to prevent evaporation. The dispersions were acidified with GDL at 25°C for 5 h and the pH was measured at different time. The continuous decrease in the pH of the dispersions had stabilized after 3 h. The storage modulus (G′) and loss modulus (G″) were measured continuously during the entire acidification treatment at a frequency of 1 Hz and a strain of 0.1 %. Preliminary strain sweep experiments showed that the rheological measurements were within the linear viscoelastic region.
Statistical analysis
All measurements were performed in triplicate. Analysis and graphic presentations were performed using OriginPro 8.5 software (OriginLab Corporation, Northampton, USA). Standard deviation was calculated for each measurement by Excel software (Microsoft Office 2003) . For statistical treatment of data, significant differences (p < 0.05) among the data were determined by analysis of variance (ANOVA) using SPSS software version 17.0 (SPSS Inc., Chicago, IL).
Results and discussion
Degree of glycation (DG)
DG of SPI heated with glucose or maltose with and without ultrasonic pretreatment is shown in Fig. 1 . DG value of SPI with or without ultrasonic pretreatment heated in the presence of glucose (SPI/G MRPs) was higher than that with maltose (SPI/M MRPs). The Maillard reaction rate was related to the size of reducing sugars involved in the reaction. Chevalier et al. (2001) showed that monosaccharides were more reactive with the amino groups of protein than disaccharides in Maillard reaction, which also explained why the DG value of SPI/G MRPs was higher than that of SPI/M MRPs.
Moreover, the DG value of SPI/sugar MRPs with ultrasonic pretreatment was higher than that without ultrasonic pretreatment. This result indicated that the Maillard reaction with ultrasonic pretreatment developed much faster than reaction without ultrasonic pretreatment. It is very likely that there was rapid molecule movement due to cavitation and unfolding of protein chains during ultrasonic treatment, leading to reactive groups to be brought into closer proximity (Kardos and Luche 2001) , which were beneficial to the Maillard reaction between protein and sugars.
In addition, the DG value increased with the glucose or maltose concentration. The DG value of SPI/G and SPI/M MRPs increased rapidly in the range of sugar concentrations from 2 % to 8 %, whereas the increase in DG value was relatively slower at sugar concentrations higher than 8 %. It is possible that more sugars were accessible for interaction with ε-amino groups of lysine in protein as the increase of sugar concentrations, which would result in an improvement of the DG value. However, the glycation reaction reaches a saturation point due to the reduction of the number of ε-amino groups as the further increase in sugar concentrations (Achouri et al. 2005) , leading to slower increase in DG value. Therefore, sugar concentration at 8 % was carried out in the subsequent experiments.
Browning intensity
Browning intensity was measured by the absorbance at 420 nm and often used as an indicator of the Maillard reaction progress (Sun et al. 2011) , which symbolized an advanced stage of the Maillard reaction. Figure 2 shows the absorbance at 420 nm of SPI and SPI/ sugar MRPs with and without ultrasonic pretreatment. Compared with SPI native, whether adopted ultrasonic pretreatment or not, the heat treatment of SPI without sugars (SPI heated) did not result in absorbance increase. However, absorbance of SPI/sugar MRPs increased and browning colour appeared after SPI was heated with sugars (glucose or maltose) due to formation of chromophores (Ajandouz et al. 2001) , which indicated the occurrence of glycation. Moreover, except for the Maillard reaction, caramelisation of sugar could also occur during heat treatment, which contributed to nonenzymatic browning (Ajandouz et al. 2008) .
The browning intensity of SPI/M MRPs was greater than that of SPI/G MRPs. It was possible that disaccharide formed more acids than monosaccharide during Maillard reaction with protein, leading to the decrease in pH, which had a positive effect on the Maillard reaction progress (Brands and Van Boekel 2002) . This was similar to the results of Li et al. (2009) , which studied the Maillard reaction products of rice protein with sugar.
UV-absorbing intermediate compounds were formed prior to generation of brown pigments during Maillard reaction. Browning pigments (melanoidins) were formed by polymerization of intermediate products . However, despite the higher DG value (Fig. 1) , ultrasonic pretreatment decreased browning intensity of SPI/sugar MRPs, which revealed that ultrasonication might interfere with the formation of late MRPs melanoidins through inhibiting polymerization of intermediate products during Maillard reaction. The result indicated that ultrasonic pretreatment could prepare SPI/sugar MRPs with higher degree of glycation and lower browning.
Surface hydrophobicity (H 0 )
H 0 is an index of the number of hydrophobic groups on the surface of a protein molecule in contact with the polar aqueous environment (Chandrapala et al. 2011 ). H 0 increased as a function of exposing hydrophobic groups induced by denaturation of protein, which was an important factor influencing the functional properties of proteins.
The H 0 of SPI and SPI/sugar MRPs under the condition of non-ultrasonic and ultrasonic pretreatment was presented in Fig. 3 . Compared with SPI native, the H 0 of non-ultrasonic heated SPI was increased. Most of hydrophobic residues were buried in the interior of the compact globular proteins Fig. 2 Browning intensity of SPI and SPI/sugar MRPs under the condition of non-ultrasonic and ultrasonic pretreatment. Black represents nonultrasonic (NU) pretreatment, hatched represents ultrasonic (U) pretreatment (Hayakawa and Nakai 1985) , leading to inaccessibility of the fluorescence probe (ANS) to the hydrophobic residues. However, the heat treatment could expose the hydrophobic residues from the interior to the surface of the molecule due to the heat denaturation of the protein (Kohyama et al. 1995) , resulting in the increase of the H 0 .
The H 0 decreased in SPI/sugar MRPs with respect to heated SPI, which suggested glycation had the protective effects against protein denaturation during heat treatment, reducing the exposure of hydrophobic residues to the surface of the protein molecule. The H 0 of SPI/G MRPs was lower than that of SPI/M MRPs, indicating that a higher degree of glycation resulted in decreased hydrophobicity, as DG of SPI/G MRPs was higher than that of SPI/M MRPs (Fig. 1) , which is consistent with the finding of Achouri et al. (2005) who suggested the decrease in hydrophobicity of 11S glycinin was connected with the increase in degree of glycation by glucose. Moreover, previous study also suggested that surface hydrophobic environment reduced more quickly as more polysaccharides were grafted with the protein (Mu et al. 2010 ).
In addition, the H 0 of ultrasonic systems was higher than that of non-ultrasonic systems, revealing ultrasonic pretreatment could significantly increase the H 0 of heated SPI and SPI/sugar MRPs, which was in agreement with the studies of Chen et al. (2011) who showed that ultrasonic treatment could lead to the increase in surface hydrophobicity of SPI. The increase in the H 0 by ultrasonic pretreatment may be due to the cavitation and micro-streaming forces induced by ultrasound, resulting in the exposure of the hydrophobic regions that were originally buried within the molecular interior to the surface of the SPI molecule, according to the results of Hu et al. (2013a) .
For the heated SPI, glycation would reduce the exposure of hydrophobic residues to the surface of the SPI molecule by protecting protein against heat denaturation, while ultrasonic pretreatment before the glycation could weaken this protection effect (SPI/G MRPs with higher DG) or expose more hydrophobic groups to the surface of the SPI molecule (SPI/M MRPs with lower DG). This finding indicated that appropriate ultrasonic treatment had more prominent influence on unfolding of heated SPI than glycation.
Particle size
Particle size characterization of SPI and SPI/sugar MRPs was illustrated in Fig. 4 . Glycation and ultrasonic treatment had a certain effect on particle size distributions of SPI. It was observed from Fig. 4a and b that SPI and SPI/sugars heated under the condition of non-ultrasonic and ultrasonic pretreatment showed a unimodal distribution of particles as the same to SPI native, and had more particles with smaller size than SPI native. Ultrasonic pretreatment changed the particle size distribution of heated SPI, which changed from broad distributions (Fig. 4a ) to narrow distributions (Fig. 4b ). However, the particle size distributions of ultrasonic SPI/sugar MRPs had no obvious changes with respect to non-ultrasonic SPI/ sugar MRPs. This agrees with the results of Arzeni et al. (2011) .
In agreement with the particle distributions, heat treatment reduced the volume-mean diameter (D 43 ) of SPI, from 246.40 ± 12.47 μm for SPI native to 226.91 ± 10.81 μm for heated SPI (Fig. 4c) . It is reported that heat treatment had a significant effect on particle size distribution and average particle size of soymilks. It is possible that heat treatment might solubilize the large protein aggregates, resulting in the changes of particle size characterization (Nik et al. 2009) .
No matter under the condition of non-ultrasonic or ultrasonic pretreatment, the D 43 of SPI/sugar MRPs was lower than that of heated SPI. It is very likely that glycation might reduce the aggregation of protein molecules due to the protective effects of sugars against protein denaturation during the heat treatment, according to the results of Gu et al. (2009) , which resulted in the decrease of SPI particle size. There were smaller size particles (D 43 ) in SPI/M MRPs compared with SPI/G MRPs, revealing the molecular size of sugars would affect the particles size of SPI-glycoconjugates.
Ultrasonic pretreatment resulted in more remarkable reduction of the D 43 for all systems. The decrease of particle size after ultrasonic pretreatments might be attributed to the cavitation and micro-streaming forces resulting from the ultrasound, which could disrupt noncovalent bonds between SPI molecules Hu et al. (2013c) . It also might be probably ascribed to the dissociation of macromolecular protein by ultrasound during heating (Dong et al. 2011) . This was in accord with the results of Jambrak et al. (2009) who had already reported that ultrasonic pretreatments could change the particle size of proteins.
Intrinsic fluorescence spectroscopy
The intrinsic fluorescence spectra were measured for the evaluation of conformational changes around tryptophan (Trp) residues in the proteins (Broersen et al. 2004) .
The intrinsic fluorescence spectra of SPI heated with glucose or maltose used in non-ultrasonic and ultrasonic pretreatment was presented in Fig. 5 . Whether adopted ultrasonic pretreatment or not, the heat treatment of SPI without sugars (NU-SPI and U-SPI) increased fluorescence intensity with respect to SPI native. The changes in structure around the Trp residues induced by denaturation of protein during heating resulted in the increase of fluorescence intensity (Jiménez-Castaño et al. 2007 ). The fluorescence intensity of U-SPI was higher than that of NU-SPI, indicating ultrasonic pretreatment could promote thermal denaturation of protein, leading to the further changes of structure. It has been reported that development of fluorescent compounds might be related to Maillard reaction induced by heating (Jing and Kitts 2002) . For the SPI/sugar MRPs, the fluorescence intensity of non-ultrasonic and ultrasonic SPI/ sugars MRPs was higher than that of non-ultrasonic and ultrasonic heated SPI respectively, which indicated that glycosylation with sugars enhanced the content of fluorescent compounds. The increase of fluorescent compounds was more prominent in SPI/sugar MRPs used in ultrasonic pretreatment as compared to that used in non-ultrasonic pretreatment, which may be the result of high degree of glycation (Fig. 1) . Additionally, compared with SPI/M MRPs, the higher fluorescence intensity could be obtained in SPI/G MRPs, which was related to spectrophotometric properties and fluorescent chemical structures of different glycoconjugates (Morales and van Boekel 1997) . This is consistent with the results of Dragana et al. (2013) .
Maximum wavelength (λ max ) of the fluorescence emission for SPI without sugars was 354.4 nm (SPI native), 358.1 nm (NU-SPI) and 360.3 nm (U-SPI), respectively. While the λ max for SPI/sugar systems was 359.6 nm (NU-SPI/G), 358.7 nm (NU-SPI/M), 361.2 nm (U-SPI/G) and 360.6 nm (U-SPI/M), respectively. Compared with SPI native, the λ max of all systems increased, which indicated the occurrence of bathochromic shift of the λ max . This phenomenon could be attributed to conformational changes of protein and the polarity of the environment surrounding Trp residues, which would affect λ max (Jiménez-Castaño et al. 2005) .
The λ max of U-SPI was greater than that of NU-SPI, revealing ultrasonic pretreatment could accentuate conformational changes of SPI. The bathochromic shift of the λ max for SPI/ sugar MRPs suggested that the glycation has been changed the conformation of SPI (Kobayashi et al. 2001) , and tertiary conformation in SPI became less compact after glycation. Moreover, SPI/sugar MRPs used in ultrasonic pretreatment had much less compact tertiary conformation than SPI/sugar MRPs used in non-ultrasonic pretreatment (Liu et al. 2011 ).
Rheological properties
Change in storage modulus (G′) of SPI and SPI/sugar MRPs under the condition of non-ultrasonic and ultrasonic pretreatment during acidification was given in Fig. 6 . Whether with or without ultrasonic pretreatment the development patterns of the storage modulus (G′) of SPI/sugar MRPs during acidification was similar to that of heated SPI, which was the same as the finding of Kontogiorgos et al. (2006) . The G′ of all systems increased gradually with the extension of acidification time, reaching an equilibrium value eventually, which was related to the formation of acid gel by protein aggregation due to the reduction of pH near to the isoelectric point of SPI during acidification (Lazaridou et al. 2008) .
At the beginning of the acidification, under the condition of non-ultrasonic pretreatment, the G′ of SPI/sugar MRPs was higher than heated SPI. On the contrary, the G′ of SPI/sugar MRPs after acidification was lower than heated SPI (Fig. 6a) , indicating the growth rate of G′ for SPI/sugar MRPs was slower than that for heated SPI, which was in agreement with the finding of Gu et al. (2009) . Although the growth trend of G ′ for heated SPI and SPI/sugar MRPs with ultrasonic pretreatment was similar to that without ultrasonic pretreatment, the differences in growth rate of G′ between heated SPI and SPI/ sugar MRPs could be reduced by ultrasonic pretreatment (Fig. 6b) .
Storage modulus (G′) values of SPI and SPI/sugar MRPs under the condition of non-ultrasonic and ultrasonic pretreatment after acidification were illustrated in Fig. 7 . With or without adopted ultrasonic pretreatment the G′ decreased in SPI/sugar MRPs with respect to heated SPI, which suggested glycation would weaken the gel network. It could be due to the protective effects of sugars against protein denaturation by increasing the initial temperature of heat denaturation during glycation, which decreased protein precipitation upon GDL acidification leading to softer gels induced by altering bond formation during gelation (Gu et al. 2009 ). However, Shevkani et al. (2015) showed that proteins from kidney bean and field pea with higher thermal denaturation temperature could produce stronger heat-induced gels, which was different from the results in this research. Similar results were obtained in a recent study on amaranth protein isolates (Shevkani et al. 2014) . This difference could be caused by the difference between acid-induced and heat-induced gel mechanism. Moreover, the G′ of SPI/G MRPs was lower than that of SPI/M MRPs, which was associated with the degree of glycation (Fig. 1) . It is possible that the protective effects against protein denaturation of glucose with higher DG were more obvious than that of maltose, resulting in the weakening of gel network. This is also consistent with the results of surface hydrophobicity (H 0 ) (Fig. 3) in this study, which illustrated glucose had more remarkable protective effects against protein denaturation than maltose.
However, the G′ of heated SPI and SPI/sugar MRPs with ultrasonic pretreatment was higher than that without ultrasonic pretreatment respectively, suggesting reinforce of gel network after ultrasonic pretreatment. In spite of higher degree of glycation (Fig. 1) , ultrasonic pretreatment exposed the hydrophobic regions from the interior to the surface of the SPI molecules, as ultrasonic pretreatment increased surface hydrophbility of heated SPI and SPI/sugar MRPs (Fig. 3) , which might be beneficial to the formation of gel network by hydrophobic interactions. In addition, the molecules of the ultrasonic systems were smaller than that of the nonultrasonic systems, as ultrasonic pretreatments reduced the particle size of heated SPI and SPI/sugar MRPs (Fig. 4) , which could make a contribution to acid-induced gel of SPI. This is in agreement with the results of Hu et al. (2013b) , who demonstrated the reduction of particle size of SPI by ultrasonic pretreatments would strengthen the gel network. Furthermore, compared with non-ultrasonic heated SPI, although the gel network was weakened by glycation, ultrasonic pretreatments could reduce (ultrasonic SPI/G MRPs) or eliminate (ultrasonic SPI/M MRPs) this weakening effect of glycation on the gel network, and even improve the gel properties.
Conclusions
Ultrasonic pretreatment could accelerate the glycation between SPI and sugars (glucose and maltose) by Maillard reaction, which prepared SPI/sugar MRPs with higher degree of glycation and lower browning. Intrinsic fluorescence indicated that SPI/sugar MRPs prepared with ultrasonic pretreatment had less compact tertiary conformation than that with nonultrasonic pretreatment. In addition, glycation was able to reduce H 0 and particle size due to the protective effects of sugars against thermal denaturation of protein, which weakened the gel network formed by GDL. However, the cavitation and micro-streaming forces induced by ultrasound resulted in the increase of H 0 and further decrease of particle size, which might be beneficial to the formation of acid-induced gel network, suggesting that ultrasonic pretreatments could reduce or eliminate the weakening effect of glycation on the gel network of SPI/sugar MRPs, and even improve the gel properties.
